Streptococcus pneumoniae is an important cause of community-acquired pneumonia. However, in this setting the diagnostic sensitivity of blood cultures is below 30%. Since during such infections changes in the amounts of S. pneumoniae may also occur in the upper respiratory tract, quantification of these bacteria in nasopharnygeal secretions (NPSs) may offer a suitable diagnostic approach. Real-time PCR offers a sensitive, efficient, and routinely reproducible approach to quantification. Using primers and a fluorescent probe specific for the pneumolysin gene, we were able to detect DNA from serial dilutions of S. pneumoniae cells in which the quantities of DNA ranged from the amounts extracted from 1 to 10 6 cells. No difference was noted when the same DNA was mixed with DNA extracted from NPSs shown to be deficient of S. pneumoniae following culture, suggesting that this bacterium can be detected and accurately quantitated in clinical samples. DNAs from Haemophilus influenzae, Moraxella catarrhalis, or alpha-hemolytic streptococci other than S. pneumoniae were not amplified or were only weakly amplified when there were >10 6 cells per reaction mixture. When the assay was applied to NPSs from patients with respiratory tract infections, the assay performed with a sensitivity of 100% and a specificity of up to 96% compared to the culture results. The numbers of S. pneumoniae organisms detected by real-time PCR correlated with the numbers detected by semiquantitative cultures. A real-time PCR that targeted the pneumolysin gene provided a sensitive and reliable means for routine rapid detection and quantification of S. pneumoniae present in NPSs. This assay may serve as a tool to study changes in the amounts of S. pneumoniae during lower respiratory tract infections.
Streptococcus pneumoniae is a human pathogen of major importance. It causes both mucosal and invasive diseases including otitis media, pneumonia, arthritis, septicemia, and meningitis (5, 17, 18) . In community-acquired pneumonia (CAP), S. pneumoniae is the major bacterial agent (6) . In the acute phase, diagnosis of S. pneumoniae-induced CAP is established mainly by detection of the pathogen in blood cultures and also, but rarely, in pleural fluid aspirates. However, bacteremia caused by S. pneumoniae occurs in less than 30% of CAP cases (1, 15) . Although S. pneumoniae can be detected by microscopy and following culture of sputum, this diagnostic approach is not applicable in children because they do not expectorate. Thus, more appropriate diagnostic tools need to be developed to improve the etiologic diagnosis of CAP due to S. pneumoniae.
Nasopharyngeal secretions (NPSs) are readily available from children with respiratory tract infections (14) . Since quantitative changes in bacterial load may reflect a lower respiratory tract infection with a given pathogen, quantification of bacteria in NPSs may be a candidate diagnostic approach. However, performance of quantitative bacterial cultures is cumbersome, time-consuming, and slow compared to many molecular diagnostic procedures.
One important challenge for the diagnostic detection of S. pneumoniae is the existence of 90 different S. pneumoniae serotypes (11) . Thus, diagnostic assays ideally should target genes or their products common to all S. pneumoniae isolates. Pneumococcal surface protein A, pneumococcal surface adhesin A, and pneumolysin are virulence factors expressed by all serotypes of S. pneumoniae (17) . For the diagnosis of CAP due to S. pneumoniae, detection of antibodies to pneumolysin in serum (3, 7) , detection of pneumolysin antigen in sputum or NPSs (3) , and detection of the pneumolysin gene in whole blood by conventional PCR (9) have been used. The aim of the present study was to develop a method for the rapid and quantitative detection of S. pneumoniae that has a high sensitivity and a high specificity and that is amenable to highthroughput sample processing. Here we describe a real-time PCR (TaqMan) assay with primers specific for the pneumolysin gene for the detection and quantification of S. pneumoniae. This diagnostic tool could be useful in future studies to define the correlation of S. pneumoniae numbers in the nose with carriage or infection in the respiratory tract.
cultures and PCR amplification of the pneumolysin gene. Immediately after plating for cultures, the patient samples were stored at Ϫ20°C until DNA extraction was performed (see below).
Semiquantitative bacterial cultures. All 195 samples of NPSs were tested by semiquantitative bacterial cultures. The samples were inoculated onto sheep blood agar, chocolate agar, and Columbia colistin-nalidixic acid agar by fractionation with a calibrated wire loop (5 l), and the plates were incubated at 37°C in 5% CO 2 for 48 h. Growth only in the first fraction was defined as low growth (ϩ), growth also in the second fraction was defined as intermediate growth (ϩϩ), and growth in all three fractions was defined as abundant growth (ϩϩϩ). Species identification was done by standard methods (13) .
DNA extraction. The extraction of DNA was performed as described previously (4). Briefly, 1 ml of a liquid culture or a patient NPS sample was centrifuged at 12,000 ϫ g for 10 min. The pellet was resuspended in 200 l of digestion buffer (50 mM Tris-HCl [pH 8.5], 1 mM EDTA, 0.5% sodium dodecyl sulfate, 200 mg of proteinase K per ml), and the suspension was incubated with shaking for 1 h at 55°C. The DNA was then purified with a QIAamp DNA Blood Mini kit (article 51106; QIAGEN, Basel, Switzerland) according to the instructions of the supplier, except that the elution step was done with 100 l (instead of 200 l) AE elution buffer. Extracts were stored at Ϫ70°C until they were required for analysis.
Real-time PCR. The primers and the fluorogenic probe for the pneumolysin gene (20) of S. pneumoniae (GenBank accession no. M17717) were designed with Primer Express Software (Perkin-Elmer, Applied Biosystems, Foster City, Calif.) and were obtained from Microsynth GmbH (Balgach, Switzerland). The nucleotide sequence of the forward primer was 5Ј-AGCGATAGCTTTCTCCAAGT GG-3Ј (positions 531 to 552), the sequence of the reverse primer was 5Ј-CTTA GCCAACAAATCGTTTACCG-3Ј (positions 605 to 583), and the sequence of the probe was 5Ј-ACCCCAGCAATTCAAGTGTTCGCG-3Ј (positions 556 to 580). The fluorescent reporter dye at the 5Ј end of the probe was 6-carboxyfluorescein (FAM); the quencher at the 3Ј end was 6-carboxy-N,N,NЈ,NЈ-tetramethylrhodamine (TAMRA). The principle of real-time PCR has been described extensively. Briefly, during real-time PCR, the fluorogenic probe and PCR amplimers first hybridize to their DNA targets. With the fluorogenic probe still intact, the emission of the reporter dye is quenched, but during the PCR extension phase the probe is cleaved by the 5Ј-exonuclease activity of the Taq DNA polymerase. This cleavage interrupts the fluorescence resonance energy transfer and permits the reporter dye to fluoresce, with the level of fluorescence produced being in proportion to the level of PCR product accumulation. Furthermore, the increment in the signal from the degraded fluorogenic probe can be continuously monitored throughout the course of gene amplification. The reporter signal is standardized to an internal passive reference dye, which is typically 5-carboxy-X-rhodamine. The background fluorescence is often determined from cycles 3 to 15, and an automated software feature calculates 10 times the standard deviation to produce a threshold value. The cycle threshold (C T ) value is defined as the cycle at which the reporting dye fluorescence first exceeds the calculated background level. A low C T value thus corresponds to a high target concentration. The C T value can also be set manually to be equivalent across experiments. Each run contains both negative (no template) and positive controls.
The real-time PCR amplifications were performed in 25-l reaction volumes containing 2ϫ TaqMan Universal Master Mix (Perkin-Elmer Biosystems), which includes dUTP and uracil-N-glycosylase, each primer at a concentration of 333 nM, fluorescent labeled probe at a concentration of 200 nM, and 1 l of DNA extract. All reactions were performed in duplicate, and for amplification and detection an ABI PRISM 7700 sequence detection system was used. Standard amplification parameters were used and were as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles, each of which comprised 95°C for 15 s and 60°C for 1 min. In later experiments, annealing was produced at 62 or 65°C for 1 min. Real-time data were analyzed with Sequence Detection Systems software, version 1.7.
Sensitivity, detection range, and specificity. To determine the sensitivity and the detection range of the real-time PCR assay, a standard curve for S. pneumoniae was generated as follows: S. pneumoniae was grown aerobically in 2 ml of Todd-Hewitt broth at 37°C for 4 h to reach the logarithmic phase. This culture was diluted with physiological saline until it reached a McFarland 0.5 standard, representing approximately 10 8 microorganisms/ml. Starting from this concentration, 10-fold serial dilutions in physiological saline were prepared, and the number of CFU was determined by plating 100 l of each dilution onto sheep blood agar plates and then aerobic incubation overnight at 37°C. One milliliter of each dilution was used for DNA extraction, followed by in vitro amplification as described above. The calculated C T values were then plotted against the numbers of microorganisms.
To determine the specificity of the real-time PCR assay for S. pneumoniae, serial dilutions of liquid cultures of various strains of alpha-hemolytic streptococci, H. influenzae type b, and M. catarrhalis were tested in the same manner as described above for S. pneumoniae. Finally, the real-time PCR assay was applied to clinical samples, i.e., NPSs, and its sensitivity (including quantitation) and specificity were assessed by comparison of the results with those of the semiquantitative culture procedure. Statistics. The results for subpopulations within the NPS group that were culture positive and culture negative for S. pneumoniae were compared with those of the PCR assay by the chi-square test and the two-tailed Fisher's exact test. The Mann-Whitney test was used for comparison of mean Ϯ standard deviation C T values for the groups. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Detection range of the real-time PCR assay for S. pneumoniae. The real-time PCR assay with 10-fold serial dilutions of S. pneumoniae was able to detect bacterial DNA in mixtures in which the quantity of DNA was over a linear range of DNA from between 1 and 10 6 microorganisms per reaction mixture, with C T values ranging between 15 and 33 (Fig. 1A) . The intraand interassay variabilities with replicates from the same DNA extraction per dilution were 2.0 and 3.3%, respectively. To exclude PCR-inhibiting substances from the clinical samples, two 10-fold serial dilutions of liquid cultures of S. pneumoniae were spiked with DNA extracted from samples of NPSs shown to be negative for S. pneumoniae. The results were almost identical to those obtained with pure bacterial cultures (Fig.  1B) .
Specificity of the real-time PCR assay. The specificity of the real-time PCR assay for S. pneumoniae with primers specific for the pneumolysin gene was investigated by testing 10-fold serial dilutions of H. influenzae type b, M. catarrhalis, and alpha-hemolytic streptococci including S. anginosus, S. constellatus, S. gordonii, S. mitis, S. mutans, S. oralis, S. salivarius, and S. sanguis (Fig. 2) . Amplifications of H. influenzae type b and M. catarrhalis remained negative at all dilutions, whereas the C T values for all alpha-hemolytic streptococci except S. sanguis were between 40 and 31; for S. sanguis only at a concentration of 10 6 microorganisms the C T value was 28. By comparison, a C T value of Ͻ15 was achieved for S. pneumoniae at the same concentration of 10 6 microorganisms ( Fig. 2A) . Since the specificity of PCR amplification is temperature dependent, we performed the assay at an annealing temperature of 65°C. This resulted in C T values above 38, even with the largest number of microorganisms tested, except for S. pneumoniae, which gained approximately 4 to 5 C T units compared to the values obtained by the same test performed at 60°C (Fig. 2B) .
Application of the real-time PCR assay for S. pneumoniae to NPSs. Culture of S. pneumoniae was possible for 25 of the 195 NPS samples. As shown in Fig. 3A , the real-time PCR assay applied to these 25 culture-positive NPS samples at an annealing temperature of 60°C resulted in C T values between 15.2 and 23.4 (mean, 18.9; median, 18.6; Fig. 3A ) and thus performed with a calculated sensitivity of 100%. By contrast, when the real-time PCR assay was applied to the 170 culture-negative NPS samples, C T values were between 16.8 and 40 (mean, 33.1; median 32.2) (P Ͻ 0.001). While 153 (90%) of these 170 NPS samples had C T values Ͼ25 (49 NPS samples had a C T value of 40), 17 (10%) NPS samples had C T values in a range similar to those for the 25 NPS samples culture positive for S. pneumoniae (Fig. 3A) . The proportion of NPS samples that grew S. pneumoniae versus the proportion of NPS samples that did not grow this bacterium and that had C T values Յ25 was statistically significantly different (P Ͻ 0.001). By assessing an NPS sample with a C T value Ͼ25 as being negative for S. pneumoniae, the calculated specificity of the real-time PCR assay in relation to the results of culture was 90%.
Two of the 17 patients whose NPS samples did not grow S. pneumoniae in culture but whose NPS samples had C T values Ͻ25 by the real-time PCR assay had been treated with ␤-lactam antimicrobials before the samples were collected. Attempts to culture the NPSs from these two patients showed no other bacterial growth. The NPS samples from the other 15 patients not treated with antimicrobials grew normal mouth and nasal flora.
Since the specificity of our real-time PCR assay had been shown to increase in a temperature-dependent manner, we also tested all clinical samples at an annealing temperature of 65°C (Fig. 3B) . The C T values for the 25 culture-positive NPS samples ranged between 16.3 and 25.0 (mean, 20.9; median, 20.5; Fig. 3B ). The real-time PCR assay applied to the 170 NPS culture-negative samples resulted in C T values between 17.7 and 40 (mean, 37.8; median 40) (P Ͻ 0.001); 163 (96%) of these 170 NPS samples had C T values Ͼ25 (91 NPS samples had a C T value of 40), and 7 (4%) NPS samples had C T values that covered ranged similar to those for the 25 NPS samples culture positive for S. pneumoniae (Fig. 3B) .
To further document and analyze the effect of raising the annealing temperature on specificity, we tested the 25 S. pneumoniae culture-positive and real-time PCR-positive (concordant) samples and 15 of the 17 S. pneumoniae culture-negative but real-time PCR-positive NPS (discordant) samples (excluding the 2 samples from the 2 patients treated with ␤-lactam antimicrobials) at an annealing extension temperature of 60°C and also at annealing extension temperatures of 62 and 65°C. As shown in Fig. 4 , all 25 (concordant) NPS samples that grew S. pneumoniae continued to exhibit C T values of Յ5, despite the increased annealing extension temperature, whereas the C T values increased to Ͼ25 in 3 (20%; P ϭ 0.048) and 8 (53%; The standard amplification parameters used were as follows: 50°C for 2 min and 95°C for 10 min, followed by 40 cycles with each cycle comprising 95°C for 15 s and either 60, 62, or 65°C for 1 min. P Ͻ 0.001) of the 15 discordant NPS samples at 60 and 65°C, respectively. Thus, raising of the annealing extension temperature to 65°C increased the calculated specificity of the realtime PCR assay to 96% compared to the results of culture but did not change the sensitivity. Furthermore, the statistical differences (P values) in C T values between concordant NPS and discordant NPS samples at 62 and 65°C were 0.049 and Ͻ0.003, respectively (Fig. 4) .
Comparison of the real-time PCR assay with semiquantitative cultures. Five of the 25 cultures that grew S. pneumoniae showed low growth (ϩ), 9 intermediate showed growth (ϩϩ), and 11 showed abundant growth (ϩϩϩ). The corresponding mean C T values obtained by the real-time PCR assay conducted at an annealing temperature of 60°C were 20.6 (range, 18.1 to 23.2), 19.4 (range, 16.0 to 23.4), and 17.6 (range, 15.2 to 20.3), respectively. The difference in C T values between cultures with low levels of growth and those with high levels of growth was statistically significant (P ϭ 0.02). Similar statistically significant differences were noted when an annealing temperature of 65°C was used. The mean C T values for cultures with low levels of growth, intermediate levels of growth, and abundant growth were 23.0 (range, 21.0 to 24.8), 20.6 (range, 16.7 to 23.9), and 20.1 (range, 16.3 to 25.0), respectively (P ϭ 0.04) (Fig. 5 ).
DISCUSSION
Herein is described a real-time PCR assay with primers specific for the pneumolysin gene which proved to be highly sensitive (100%) and specific (up to 96%) for the detection of S. pneumoniae in NPSs. The numbers of S. pneumoniae isolates quantified by the real-time PCR assay corresponded to the numbers detected by semiquantitative cultures. Since the assay can be completed within a working day, it is considerably faster than conventional culturing and subsequent identification.
The linear detection range of the real-time PCR assay was 6 orders of magnitude above the background, ranging from 1 to 10 6 organisms per reaction mixture. Previously reported realtime PCR assays for the detection of bacteria including Porphyromonas gingivalis (10) , Borrelia burgdorferi (16) , and Mycobacterium tuberculosis (2) also showed detection ranges of 5 to 6 orders of magnitude and encompassed similar sensitivities. In our assay, there were also high intra-and interexperimental reproducibilities (within 2 to 3%) (Fig. 1A) . The numbers of S. pneumoniae organisms detected in semiquantitative cultures from the clinical samples were within the detection range of the assay.
The real-time PCR assay with primers specific for the pneumolysin gene was positive for all NPS samples that grew S. pneumoniae. The C T values, which are inversely related to the quantity of organisms, ranged between 15.2 and 23.4 at an annealing extension temperature of 60°C (Fig. 3A) and between 16.3 and 25 at an annealing extension temperature of 65°C (Fig. 3B ). These C T values corresponded to 10 5 to 10 3 organisms when the values were fitted onto the standard curve generated by using the results for serial dilutions of liquid cultures of S. pneumoniae (Fig. 1 ). For comparison, the more bacteria that grew in the semiquantitative cultures, the lower the observed C T values in the real-time PCR assay were, and in addition, the differences between C T values for NPS samples with low levels of growth and those for NPS samples with abundant growth were statistically significant (P ϭ 0.04) (Fig.  5 ).
The pneumolysin gene was shown to be highly specific for S. pneumoniae compared with its specificity for other alpha-hemolytic streptococci, H. influenzae, and M. catarrhalis. For S. pneumoniae a linear titration curve was demonstrated when 10-fold serial dilutions were investigated. When other alphahemolytic streptococcal strains were similarly tested, only S. sanguis showed minimal amplification at the highest concentrations of the microorganism tested (10 5 to 10 6 ), with the C T values always remaining above 25 at an annealing extension temperature of 60°C ( Fig. 2A) . Increasing the annealing extension temperature to 65°C further increased the specificity (Fig. 2B) .
All 170 NPS samples shown to be devoid of S. pneumoniae following culture had C T values above 25, but 17 (10%) displayed C T values ranging from 16.8 to 24.7. Two of these 17 NPS samples were collected from patients who had been treated with a ␤-lactam antimicrobial. Thus, it seems likely that the antibiotic pretreatment may have impeded the growth of S. pneumoniae in culture, and therefore, the real-time PCR assay may have detected DNA from dead bacteria present in the NPS. The remaining 15 of the 17 NPS samples with discordant results grew normal mouth and nasal flora, as determined by culture. Two of the remnant 15 NPS samples grew optochinresistant alpha-hemolytic streptococci. It is known that there are S. pneumoniae strains which are resistant to optochin (8, 12) . Such atypical isolates of S. pneumoniae can be detected by . This could explain the discordant results of cultures and the realtime PCR for these two patient samples. A possible explanation for the remaining discordant results could be that this real-time PCR assay with primers specific for the pneumolysin gene targeted pneumolysin homologues from other microorganisms, particularly from alpha-hemolytic streptococci other than S. pneumoniae. The closest relative to pneumolysin, a member of the family of thiol-activated cytolysins, is the enzyme suilysin, which is expressed by S. suis (19) . Nevertheless, the alignment of known gene sequences between pneumolysin and suilysin shows that it is very unlikely that this assay amplifies suilysin. Furthermore, the real-time PCR assay (TaqMan) has enhanced specificity compared to that of conventional PCR, gained through the use of a hydrolysis probe. Finally, microorganisms closely related to S. mitis and harboring genes encoding the virulence determinants pneumolysin and autolysin classically associated with S. pneumoniae have been reported recently (21) . Thus, our real-time PCR assay may have detected such organisms, which may account for the discordant results for the remaining 13 NPS samples. Nevertheless, we were able to increase the specificity for clinical samples from 90 to 96% by performing the assay at an annealing temperature of 65°C ( Fig. 3 and 4 ). This in turn suggests that the optimal reaction temperature for the primers and the probe, as calculated by the Primer Express software, is a good starting point, but for the detection of pathogens it may need further optimization, as demonstrated by our study. In summary, we developed a new diagnostic assay on the basis of real-time PCR that allowed the fast (analysis of numerous patient samples, from biological material to analyzed results, within 24 h), sensitive, specific, reproducible, and simple high-throughput detection and quantification of the pneumolysin gene from both typical and atypical S. pneumoniae. This assay is faster and more precise in terms of quantification than conventional culture and identification procedures and may therefore provide a reliable tool for clinical studies aimed at assessing the quantities of S. pneumoniae in the upper respiratory tract during infections of the lower respiratory tract with this organism.
